Many environmental contaminants disrupt the vertebrate endocrine system. Although they may be no more sensitive to endocrine-disrupting contaminants (EDCs) than other vertebrates, reptiles are good sentinels of exposure to EDCs due to the lability in their sex determination. This is exemplified by a study of alligators at Lake Apopka, Florida, showing that EDCs have altered the balance of reproductive hormones resulting in reproductive dysfunction. Such alterations may be activationally or organizationally induced. Much research emphasizes the former, but a complete understanding of the influence of EDCs in nature can be generated only after consideration of both activational and organizational alterations. The organizational model suggests that a small quantity of an EDC, administered during a specific period of embryonic development, can permanently modify the organization of the reproductive, immune, and nervous systems. Additionally, this model helps explain evolutionary adaptations to naturally occurring estrogenic compounds, such as phytoestrogens. -Environ Health Perspect 103(Suppl 7): 157-164 (1995) 
Introduction
Environmental contaminants have posed a major threat to wildlife health since the onset of the industrial age. The focus of our concern on the health consequences of environmental pollution have, in the last three decades, been on lethal, carcinogenic, and extreme teratogenic manifestations. Evidence from a number of sources suggests that another mechanism, endocrinedisruption, must also be examined (1) .
There is good evidence that man-made factors in the environment act as hormones or antihormones. It was this concern that led the National Institute of Environmental Health Sciences to organize a symposium-"Estrogens in the Environment" in 1979 to address growing concern that many estrogenic compounds, such as diethylstilbestrol (DES) used in the animal science industry and the pesticide DDT, were being released into the environment (2) . Over a decade later, the World Wlldlife Fund (3) organized a conference that addressed the premise that xenobiotic compounds did not act solely as estrogens but were also agonists and antagonists of other hormones that disrupted the endocrine system of developing embryos. Disruption of embryonic development produced permanent modifications in the reproductive, immunological, and neurological capabilities of future populations and did so by mechanisms other than gene mutation. The World Wildlife Fund meeting generated a consensus statement by the attending scientists which read, "We are certain of the following: a large number of manmade chemicals that have been released into the environment... have the potential to disrupt the endocrine systems of animals, including humans" (3) . To further assess the damage done to wildlife populations, it is essential that we expand the wildlife models currently in use. One group of vertebrates, the reptiles, can provide important new insight due to a number of attributes associated with their system of sex determination.
Reptiles as Models for the Study of Endocrine-disrupting Xenobiotics
Many crocodilian (induding alligators) and turtle species exhibit environmentally (temperature) determined sex, and this environmental influence can be overcome (sex reversal) by treating eggs with estrogen. Genetic factors associated with sex determination in reptiles, and thus gonadal development, are still under study, but the role of temperature and sex steroids has been extensively examined (4) (5) (6) (7) . In alligators, the temperature of incubation at specific critical periods of embryonic development triggers the determination of sex (4, 7) . Incubation temperature induces an all-or-none response so that embryos are either males or females, with few intersexes produced (8) .
Studies have shown that alligators and several turtle species can exhibit sex reversal (male to female) if (12) observed that 2',4',5'-trichloro-4-biphenylol induced 100% male to female sex reversal (based on histological examination of gonads and internal ducts) in the red-eared turtle (Trachemys scripta elegans), whereas treatment with 2',3',4',5'-tetrachloro-4-biphenylol stimulated total sex reversal in 50% of the embryos and partial sex reversal (intersex) (13, 14) . Both males and female juvenile alligators exhibited abnormal plasma sex steroid concentrations, with males from Lake Apopka having greatly reduced plasma T concentrations similar to that of females from either the contaminated (Lake Apopka) or control (Lake Woodruff) lakes. The juvenile female alligators from Lake Apopka had elevated plasma E2 concentrations compared to the females from the control lake. Testes from Lake Apopka juvenile males make elevated levels of E2 but normal levels of T in vitro, suggesting that the aromatase enzyme system, essential for estrogen synthesis, is upregulated in males (14) . Treatment (19) , but an embryonic source of this hormone is not present until several days later (20) . Similar observations have now been made in frogs (21) . These data suggest that early embryos would be capable of responding to a hormonal signal if a signal were present.
Is there a source of hormone that might interact with the receptors present before an embryonic source of hormone? IGF-I of maternal origin has been identified in the yolk of chicken eggs (22) and in the yolk and albumen of alligator eggs (23) . Likewise, the yolk of teleost fish is a rich source of maternal thyroid (24) and various steroid (25) hormones, and alligator yolk has abundant steroid hormone concentrations at the time of ovulation (Guillette et al., unpublished data). Eggs of most vertebrate species have been shown to possess significant quantities of various environmental contaminants, many ofwhich act as hormone mimics and bind with specific hormone receptors (26, 27) . This is especially true for turtles and alligators that lay large, yolky eggs (28) (29) (30) (31) (32) Much of the work, both theoretical and experimental, examining the organizational versus activational roles of hormones has been focused in the field of neurobiology and behavior (33) . However, these same concepts are also central to the role of environmental EDCs. Currently, many studies examine the activational effects of hormone-mimicking environmental contaminants, primarily in adult model systems. In contrast, we must emphasize the organizational effects of these endocrine mimics if we are to assess their complete impact on environmental health. It is, in fact, the reorganization of the embryo by exposure to EDCs that is a major concern. There are well-known examples of this phenomenon.
The best known and most intensively studied example is the DES daughter/son syndrome. The DES syndrome was partially recognized and understood because of a preexisting model using prenatally or perinatally estrogen-exposed laboratory rodents (38) . In rodents, exposure to estrogenic compounds during in utero development or immediately after birth results in pathological changes of the reproductive tract, as well as functional differences at puberty and throughout adulthood. Similar estrogenic effects have also been demonstrated on the immune (39) and neuroendocrine (40) systems.
Many of the observed DES-induced modifications to the reproductive system are morphologically subtle but result in major functional changes. A number of studies have documented that the reproductive tract of both male and female mice exposed neonatally to DES exhibit protein and gene expression patterns that are unique when compared to controls (41) (42) (43) . Exposure of neonatal male mice to DES produced a significant organizational effect so that, at sexual maturity, the seminal vesicle stimulated secondarily with estrogen could synthesize lactoferrin, a protein not normally produced by this gland (44) . Secretion of lactoferrin was at a level similar to that seen in normal uterine tissue. Perinatal exposure of mice to DES also induces organizational modifications of a very subtle type; that is, it modifies the types and abundance of receptors on various tissues of the reproductive system (38) . Although changes in receptor type and abundance can be considered subtle, developmental abnormalities of this type may be the basis for infertility or reproductive cancers (38) .
Similar to the reproductive effects caused by DES, immune modification resulting from neonatal DES exposure occurs during a critical period. Whereas adult exposure to estrogens temporarily inhibits many aspects of the immune system (45) , neonatal exposure to DES causes a persistent impairment of several immune parameters, including reduced delayedhypersensitivity response, decreased in vitro mitogen response, and depressed graft versus host reaction (46, 47) . The developmental stage during which exposure occurs seems to be critical for determining persistence of estrogenic effects. For example, DES treatment of mice during the first 5 days after birth causes immune depression evident at 17 months of age, whereas treatments on days 6 through 10 had no discernible effects later in life (47) . The mechanisms of the action of estrogens on the immune system appear to involve both lymphoid and nonlymphoid tissues. Estrogen receptors are present at low levels in lymphoid cells and near uterine levels in thymic epithelium (39) 
A complication when examining the immune or reproductive systems is the interwoven nature of their function. The bidirectional communication between the neuroendocrine and immune systems has been the subject of many recent reviews (48) . One such manifestation of this relationship may be the relationship between immunotoxicity and estrogenicity. Immunotoxicity of estrogens correlates with estrogenicity as measured by uterotrophic activity (39) . The interactions between the neuroendocrine and immune systems appear to be temporally restricted in a manner similar to the increased sensitivity to EDCs during windows in the organizational phase of development. Neonatally thymectomized mice, as well as congenitally athymic mice, display a profoundly altered endocrine system (49) (62) . A recent study demonstrated that PCBs will induce sex reversal-male to female-in freshwater turtles with the development of apparently normal ovaries and oviducts (12) . Organizational modifications have also been reported for alligators collected from a lake, Lake Apopka, known to have wildlife and eggs with elevated p>p'-DDE concentrations. Gonads of male and female juvenile alligators are permanently modified morphologically and physiologically after exposure to this EDC (13, 14) . Although Mirex PCBs Partial, representative listing only. bAs the mechanisms underlying many of these effects are unknown or under study, the phenomenon listed as activational may be due to an organizational effect not apparently obvious at birth. CThe contaminant(s) listed has been found to compose the greatest body burden in the animals studied.
environmental pollution is the bioaccumulation and biomagnification of contaminants within the animals feeding at various levels of the food chain. Lipid-soluble pollutants are stored in fat reserves and, upon mobilization during reproductive events, developing embryos are exposed to the bioaccumulated contaminants. Females with large, yolky eggs use the energy stores in fat reserves to synthesize and store various compounds in the oocyte, and these compounds are later used for embryonic development and growth. Hormones such as growth factors (e.g., insulinlike growth factor-I), steroids (17 -estradiol, testosterone), thyroxin, and vitamins are deposited in the yolk for use during embryonic development, but EDCs such as PCBs, DDT, DDE, and dioxin, to name a few, also are deposited in the eggs because all females have bioaccumulated EDCs. Similarly, embryos developing in utero are exposed to hormones and EDCs via uterine secretion and placental transfer.
It is clear that developing embryos can be exposed to EDCs, but it has been argued that this exposure is innocuous because embryos are normally exposed to exogenous (plant) estrogenic sources. This argument is supported by the observation that herbivores grazing on various plants containing phytoestrogens can transport these plant secondary compounds to their developing young. A number of these phytoestrogens are known to interact with the endocrine system and disrupt reproduction.
Environmental Health Perspectives
For example, phytoestrogens in drying grasses decrease reproductive output in wild populations of California quail (63) and deer mice (64) . Similarly, clover disease in livestock, caused by animals feeding on phytoestrogen-containing subterranean clove (Trifolium subterraneum), induces infertility in adults (65) . These examples, which represent extremes in the action of phytoestrogens, and studies demonstrating that some plant compounds are antiestrogens, are used by some to suggest that environmental estrogens represent no generalized health threat because organisms are exposed to estrogen mimics or antiestrogens everyday via natural foods. There is a flaw in this argument as it ignores the central paradigm of biology-evolution.
Plant-animal interactions have existed for eons, and evolutionary theory predicts that plants should battle herbivores because they represent predators (66) (67) (68) . Compounds that would limit herbivore reproduction would decrease predation pressure on plants. Thus, clover disease is predicted as a natural ongoing evolutionary event. Why then do animals not respond to more plant secondary compounds in such a dramatic fashion? Evolutionary theory also predicts that those animals that are not affected by the plant phytoestrogens will reproduce at a greater rate and thus, given numerous generations, they will produce a population in which most individuals either avoid or adapt to any given chemical. Indeed, the phytoestrogen genistein only elicits estrogenic effects during specific windows of development (69) and, thus, chronological adaptation is a plausible mechanism of avoiding the estrogenic effects of phytoestrogens. Additionally, humans physiologically respond to the exposure of the phytoestrogen genistein by stimulating sex-hormone binding globulin production (70) and suppressing aromatase activity (71) 
